v" Studies on the peripheral nerves in rats and other species have helped in the development of laser-assisted nerve anastomosis (LANA), but offer little in evaluating the efficacy of this technique in primates. The authors present a study of LANA in the peripheral nerves of rhesus monkeys. Twelve adult rhesus monkeys underwent bilateral resection of a portion of the peroneal nerve followed by placement of autogenous sural nerve interposition fascicular grafts. The grafts were completed with conventional microsurgical suture technique on one side and with LANA on the other. At 5, 8, 10, and 12 months, the grafted nerves were evaluated for continuity, nerve conduction, and histology (both light and electron microscopy). No significant difference in continuity, conduction velocity, nerve degeneration, nerve regeneration, axon fiber number, or axon fiber density was found in any animal between grafts performed by conventional microsuture and LANA grafts. There was no difference in distal or proximal myelinated fiber density between the LANA grafts and the conventional microsuture grafts. It was concluded that LANA is as effective as microsurgical suture nerve anastomosis in a primate model of nerve repair and grafting.
9
rhesus monkey S URGERY for the repair of damaged peripheral nerves has advanced because of microsurgical techniques, the application of electrophysical assessment, and improved grafting techniques. There still exists a significant incidence of suboptimal results, secondary in part to neuroma formation and local cellular events at the repair site. New methods are constantly being investigated to improve these results. Previous experiments in rats have suggested that the CO2 laser may be used to create an improved anastomosis of peripheral nerves. 4,8'28 Data from these investigations in rats may be misleading when analyzing the use of the CO2 laser for nerve repair in humans because of species-specific differences in repair abilities between rodents and primates.17 Therefore, this study was undertaken to investigate the use of the CO2 laser in a milliwatt range and the technique of laser-assisted nerve anastomosis (LANA) as a method of placing interposition grafts in the peroneal nerve of monkeys.
Materials and Methods

Surgical Technique
Twelve adult rhesus monkeys of either sex and weighing between 6 and 1 2 kg were operated on according to the standards of care outlined by Northwestern university's Animal Research Committee, which conforms with United States Public Health Service standards. Before surgery, all animals were observed for normal lower-extremity function and lack of previous injury. The animals were then anesthetized with an inhalational anesthetic technique (halothane), and placed prone. Both legs were shaved and prepared with povidone-iodine. The sciatic complexes were then exposed bilaterally through a posterior midline thigh incision which split the hamstring muscles. The peroneal nerve was isolated in the distal popliteal fossa with careful attention to avoid disruption of the longitudinal nutrient vessels. A lateral calf incision was utilized to expose and harvest the sural nerve bilaterally for a distance of 5 cm for use as autogenous graft material. Preoperative nerve conduction velocities (NCV's) of both peroneal nerves were measured for baseline data. At the point where the peroneal nerve began its lateral course over the origin of the anterior tibialis muscle, the nerve was sharply transected and a 1.5-cm section of nerve was removed. After the peroneal nerve segments were divided distally and proximally into their component fascicles (usually three in number), the sural nerve was harvested and cut into appropriate lengths for use as interposition nerve grafts.
To serve as control grafts, fascicle grafts were fixed into position on one side with perineurial 9-0 nylon sutures and standard microsurgical techniques, with the operating microscope at x 16 magnification. The opposite limb underwent LANA by coaptation of the sural nerve to fascicles with a single 9-0 nylon perineurial stay suture, followed by application of CO2 laser energy* in a continuous mode at 80 to 100 mW with a spot size of 150 tz. This technique consisted of the circumferential application of laser energy at the intersection of the nerve fascicle to the sural nerve until a subjective endpoint of bonding was achieved: that is, an amorphous appearance of the perineurium without excessive carbonization (Fig. 1 ). The stay sutures were then removed and the incision was closed with 3-0 chromic sutures for muscle and 4-0 nylon sutures for skin. At the time of surgery, the animals received an injection of a long-acting cephalosporin antibiotic. They were replaced in their cages and allowed to recover without activity or dietary restraints. At 5, 8, 10 , and 12 months after the initial surgery, the monkeys were reanesthetized with halothane inhalational anesthesia and their wounds were reexplored. Repeat NCV studies were performed and a 5-cm segment of the peroneal nerve was removed by sharp transection for histological analysis.
Electrophysiological Studies
Nerve action potentials (NAP's) were measured directly by suspending the nerves on proximal and distal stainless steel electrodes. The distances between electrodes were duplicated in both legs of each individual animal with variation between 5 and l0 m m for the entire group of monkeys. An electromyography unitt was used with a stimulus duration of 0.05 to 0.10 msec for NAP's, which were displayed on the oscilloscope and photographed. The temperature of the wound was kept constant by irrigation with normal saline at 36"C. The NAP measurements were repeated three times, and the lower consistent value was accepted. Conduction velocity was calculated from the measured distance between electrodes divided by the difference in NAP latency referenced to stimulus onset. Recordings were made from the nerves before the initial resection and grafting and also before harvesting of the nerves for histological study. The postgraft NCV's were then expressed as a percentage of preoperative baseline values.
Histological Studies
The nerves were removed en bloc and fixed with Karnovsky's fixative. The tissue was then postfixed with osmium tetroxide, dehydrated, and embedded in Aral- dite 502;z~ 1% toluidine blue was used to stain sections 1-u thick for examination by light microscopy. Ultrathin sections were cut with an ultramicrotome,w stained with uranyl acetate and lead acetate, and examined on an electron microscope.II Sections were taken from the area proximal to the graft, from the graft, and from the distal region. Light microscopic morphological assessment of the nerve was carried out under x 2065 magnification using a digitizing pad* with an IBM digitallinked computerized pen. The mean values of fiber diameter and fiber density were obtained: the mean fiber diameter was obtained from 500 axons for each specimen, and the mean axon fiber density was calculated by counting 500 axons under x 826 magnification and employing an ocular reticule lens with a known area of 0.000405 sq m m per grating unit multiplied by the number of squares counted to give the total area. The number of axons per sq m m was then divided by the total area to give the density (axons/sq mm). The observer was blinded as to the nature of the surgical procedure that produced each nerve repair.
Results
At the time of reexploration, none of the 12 animals had trophic ulcerations or contractures in the lower extremities. There was no clinical evidence of wound infection. No animal appeared to suffer local or systemic adverse effects secondary to the laser surgery in the intraoperative or recovery phase. Although no attempt was made to quantify functional recovery, observation revealed no difference between the groups. Gross neuroma formation was seen in three suture-repaired nerves, one at 5 months and two at 10 months, and in one L A N A specimen at 10 months. There was no instance o f nerve dehiscence in either group. Usually the site of laser repair was not discernible either grossly or through the surgical microscope, being identified only by the presence of an epineurial marking suture.
Morphological assessment was performed using both light and electron microscopy. N o difference was apparent in the light microscopic appearance of the nerves, either at the area proximal to the graft, at the graft itself or at the distal segments, between L A N A and suture-repaired nerves in the degree of Wallerian degeneration and regeneration of nonmyelinated and myelinated fibers (Figs. 2 and 3) . Thus, the two groups appeared to parallel one another in the normal course of nerve response to injury and regeneration. While the intrafascicular fiber arrangement and morphology was similar in both groups, it appeared that the escape of No apparent detrimental effect of the laser-induced carbonization was seen. Uranyl acetate and lead acetate, • 4228.
fibers into the extrafascicular space was less in LANA specimens, but this observation could not be quantified. Electron microscopy likewise disclosed a parallel response to injury and healing between LANA and suture-repaired nerves. Normal-appearing nonmyelinated and myelinated fibers were seen in animals studied at all postoperative times as well as Schwann cells and collagen. The LANA specimens did not reveal carbonaceous deposits in either intra-or extrafascicular sites, as has been reported by others. 33 Morphometric analysis was carried out in an attempt to quantify any differences between the two methods of repair. Raw data for axon counts are shown in Table  1 with virtually identical values for the LANA and suture-repaired groups at all postoperative study times. More importantly, there was no difference between LANA and suture-repaired groups in myelinated axon density of the distal nerve stump as averaged for each time group (Table 2) . According to Student's t-test, the differences were not statistically significant for any time period. In the analysis of average myelinated fiber diameter of nerve segments proximal or distal to the graft or at the graft again no statistically significant difference was noted between LANA and suture-repaired groups (Table 3) .
Studies of NCV were performed on all animals prior to nerve harvest, and these data are expressed as a percentage of preoperative baseline values in Table 4 . Conduction was noted across the repair site in all nerves at the time of harvest. The percentage recovery of conduction velocity in both groups was noted to increase progressively with longer time periods, again demonstrating the normal course of recovery of physiological function. These findings were not significantly different between the two groups at any follow-up time (p > 0.5).
Discussion
Epineurial suture repair was first described by Hueter in 1873,13 and perineurial or interfascicular repair was suggested in 1917 by Langley and Hashimoto. 2~ Extensive experience with wounds in both World Wars provided a foundation for peripheral nerve surgery.31 After the introduction of the operating microscope, microsutures, and microinstrumentation by others, Millesi, et al.,2~'22 reported superior results using interfascicular nerve grafts. Kline and coworkers 15' 18 demonstrated the application of intraoperative electrophysiological assessment during nerve repair. In spite of such advances, results from surgical repair remain limited in great part by a sequence of events that occurs at the repair site. Indeed, the full potential for physically coapting severed nerve ends with ties of suture may have already been reached.
One limitation imposed by surgical repair is the presence of suture material within the nerve at the anastomotic site. This results in a foreign-body reaction and connective tissue proliferation which can, in some cases, be detrimental to nerve-fiber regeneration. TM Surgical attempts aimed at reducing such fibroblastic reaction from sutures were recommended by Sunderland and Smith. 36 Sutureless bonding of the ends of anastomosed nerves has stimulated the interest of researchers for years. Their aim was to prevent the neurorrhaphy site from being infiltrated by fibrous tissues from the outside, to eliminate foreign-body reaction to suture material, and to limit or reduce the escape of regenerating axons into the surrounding extraneural tissues. In 1880, Gluck 1~ reported the use of decalcified bone to bridge the severed ends of a sciatic nerve, resulting in a fibrous union without functional recovery. Subsequently, various materials including vessels, fat, muscle, collagen, fascia lata, parchment, rubber, tantalum foil, microporous cellulose, and fibrin have been utilized with limited clinical success. 16'33'34'37'38 AS emphasized by Kline and Nulsen, 19 the ideal material for wrapping a neurorrhaphy site would be a resorbable one that protects the area for a period of 6 to 8 weeks until axonal regrowth has occurred across the repair site and into the distal stump. Such a material would, however, have to be resorbed with minimal cellular and subsequent fibrous reaction and, to our knowledge, has not been found. In addition, external wrapping has little hope of changing intrafascicular connective tissue proliferation associated with repair.
The idea of utilizing laser energy for purposes other than tissue destruction by vaporization has recently gained popularity. 7 Neblett, et a/., 23 suggested that the CO2 laser, if supplied with a small and accurate delivery system and used in milliwatt ranges, could be valuable for reconstructive purposes. Experience in several laboratories has demonstrated the feasibility of "tissue welding" of arteries with a low-power CO2 laser. 2' 26' 27' 32 Even the potential of la~er-assisted dural closure has been explored. 12 Early work with the ruby laser of the nervous system suggested that cranial and peripheral nerves were more resistant to laser energy than brain or spinal cord. 6 '35 Others, including Fischer, et al., 9 showed that low CO2 laser energy applied to the peripheral nerves of rats caused no long-term detrimental effects to underlying neural structures or to subsequent axonal regrowth. Previous experience had shown that limited heat coagulation of peripheral nerves did not necessarily cause permanent inhibition of axonal growth. 3'24 Rieske and Kreutzberg, 29 and Gross, et al., 1~ have shown neurite regenerative capacity of single cell culture neurites after laser beam transection.
Almquist, et al.,l performed peripheral nerve end-toend repair in rats and primates using an argon laser source and homologous blood cells as a coagulum. Qualitatively, there appeared to be minimal axonal escape at the repair site, vigorous axonal regeneration into the distal stump, and no deleterious effects of the laser surgery on the underlying axonal microtubules. Electron microscopy demonstrated no excessive connective tissue proliferation even at the epineurial level. Fischer, et aL, s performed end-to-end laser repairs in rat sciatic nerves using 5 W of CO2 power in a pulsed mode of 0.5 seconds with a 0.6-mm spot size directed tangentially. Four (13%) of their 31 LANA specimens showed dehiscence by the time of harvest, as compared to none of the suture controls. The NAP's were recorded in some animals and, in 85% of the LANA specimens tested, electrical activity was demonstrated across the anastomotic site. Histologically, their findings suggested that laser-joined nerves had decreased scarring and constriction at the anastomotic sites due to an absence of suture-induced foreign-body reaction. Morphometric analysis of three animals failed to show a significant difference between LANA and suturerepaired nerves in the quantity of myelinated nerve fibers distal to the graft. 4 The mechanism by which CO2 laser energy "welds" tissues has been characterized as a thermal effect causing denaturation of structural proteins, with nonspecific bonding upon cooling. 27 In vascular structures, light microscopic studies have shown that primarily mural collagen and smooth muscle participate in this process. 14"25 Schober and coworkers 3~ demonstrated ultrastructural changes consisting of a loss of periodicity, an increase of collagen fiber caliber, and close interdigitation of collagen fibrils as the basis of the bond formed in neodymium: yttrium-aluminum-garnet laser-welded rat carotid arteries. Likewise, in anastomosed rat sciatic nerves, the primary effect of laser was homogenization of epineurial collagen with preservation of perineurial cells. Regenerating axons were oriented more longitudinally and not in the disorganized fashion typical of neuroma formation. Schober, et al., attributed this occurrence as secondary to preserved or regenerated perineurial cell layers.
Since the rat has a superlative capacity for nerve regeneration, it is necessary to demonstrate new techniques of nerve repair in a primate model before extrapolation to the human situation. In all parameters studied, including NCV's, light and electron microscopic morphology, axon diameter, and axon density, there were no significant differences between LANA and standard microsurgically suture-repaired groups. Thus, despite previous reports suggesting a comparative benefit in rat nerve repair and the ability to seal the nerve at the repair site with laser surgery, no electrophysiological or morphometric improvement was seen in primate laser repairs. Certainly, no ill effect was demonstrated with laser and it can assumed that this would hold true in clinical use.
The milliwatt laser may offer a technical advantage over standard microsurgical suture repair in certain situations. In this study, it seemed that LANA usually took less time to complete and was "cleaner" than microsuture anastomosis. This might make surgery easier in cases where there is limited access to nerves or where multiple grafts must be placed.
It should be emphasized that this study was performed with a CO2 laser with milliwatt power capabilities. This is not a standard surgical CO2 laser such as those currently in use in many neurosurgical centers. The advantages of using this type of laser for nerve repair probably do not justify the cost of this instrument in most centers, unless milliwatt power capability can be incorporated into a standard surgical laser of the type most commonly used today.
